It is well known that equilibrium thermodynamic properties are governed by different functional derivatives of the thermodynamic functions of state. For example, the phase behavior of mixtures of low and/or high molar mass components is determined by the compositional derivatives of the free energy. In this contribution, the merits of the Simha-Somcynsky theory in describing and predicting the phase behavior of mixtures are considered. The influence of temperature and composition on the miscibility behavior for practically binary polymer solutions are studied. Furthermore, the important aspect of polydispersity, inherent to synthetic polymer systems will be addressed.
INTRODUCTION
olymer properties are often combined by P mixing two or more polymers. The morphology required to obtain the desired property may range from a completely (miscible) homogeneous to a two or multiphase (immiscible) structure. Often, polymer blends are subjected to elevated pressures and temperatures during processing. These factors influence the miscibility and consequently the ultimate morphology obtained. Moderate pressures of a few hundred bar may already have a marked influence on the location of the miscibility gap in the phase diagram.
The miscibility of polymer systems is determined by the thermodynamic functions of state. Although true equilibrium is not always obtained, the equilibrium state presents the driving force to the formation of multiphase materials. Therefore, knowledge of this equilibrium situation is valuable because it defines the final state of kinetically determined processes. In order to relate miscibility behavior of polymer systems to thermodynamic and molecular variables, a reliable and accurate description of the thermodynamic functions of state is a prerequisite. The Simha-Somcynsky (S-S) hole theory proved to be quantitatively successful in the description and prediction of equation of state properties of polymer systems ( 1 , 2).
In the past few years, the S-S theory has been adapted to deal with compositional derivatives of the free energy, e.g. phase behavior (3) (4) (5) . So *To whom correspondence should be sent far, a systematic evaluation of miscibility behavior according to the S-S theory and comparison with experimental data have not been presented. Such a systematic study requires detailed and accurate experimental information. Such information on phase behavior for polymer blends is not readily available yet. For polymer solutions, a wealth of accurate and detailed information is at hand. Therefore, the present discussion will be based on polymer solution data. The influence of some molecular variables, e.g. molar mass, molar mass distribution, and flexibility will be discussed. The influence of pressure on the phase diagram has already been documented to some extent (3-6).
The Simha-Somcynsky Theory: Some Thermodynamic Equations
The underlying assumptions of the SimhaSomcynsky (S-S) theory have been discussed on several occasions (7, 8) . Therefore, we will only summarize the equations which are necessary in the present discussion, for both single components and mixtures.
Pure Component
In the S-S theory, a molecular liquid is modeled on a quasi cell lattice of which the cells can either be vacant or occupied by one and only one segment of a molecule. For a pure, monodisperse component i, the molar Helmholtz free energy Ft at a temperature T and molar volume V reads ( 3 , 4):
with yi the fraction of occupied lattice cells; st the number of lattice sites occupied by a molecule of a component of molar mass Mt possessing 3ci external degrees of freedom; tfi and u:t, the maximum attraction energy and segmental hard core volume characterizing the LennardJones pair interaction potential; z the number of nearest nei hbours of a lattice cell; Qt = mental molar mass; A (= 1 . 0 1 1 ) and B (= 1.2045) are constants. R, N,, and h are the gas, Avogadro's and Planck's constants.
In Eq 1 and in the equations to follow, the thermodynamic variables, T, V, and P often enter the equations in reducqd form, expressed by tildes, i.e., T (= T / T * ) , V (= V/V*) and P (= P/P*). The reducing parameters are defined as:
P : = qtztfi/(stu:t) (2.b)
where 41" (= st(z -2 ) + 2 ) , the number of intermolecular nearest neighbors of the s-mer. The use of the reducing parameters makes it possible to define an effective principle of corresponding state for the equation of state (7):
The fraction of occupied sites yt is determined by the minimization of the free energy (7) , viz.
In practice a n extra relation between the number of external degrees of freedom 3ct and the relative linear polymer chain length st is postulated:
Multicomponent Systems
The hole theory has been extended to multicomponent systems ( 3 , 4 ) . A polydisperse polymer A is presented as a mixture of homologues differing in chain length sat and, eventually, other molecular parameters. For a binary mixture of two polydisperse polymers A and B having n, and nb homologues respectively, the molar Helmholtz free energy of the mixture reads:
+ 3 / 2 l n ( 2~( i M~) R T / ( N , h )~) (6) where the different parameters depend on composition. The definitions of these parameters are summarized in Appendix A. In short, the mixture is characterized by the molecular parameters of the pure components and by the parameters dealing with the cross pair interactions between segments of different components and different homologues. For the mixture the minimization condition, Eq 4, and the equation of state, Eq 3 , determining y and V, remain identical in form, provided the parameters become composition dependent according to Eqs A.l-A.9. The molar Gibbs free energy G , can be computed from E q s 3 , 4 and 6:
For mixtures, the possibility exists that the heterogeneous state becomes the equilibrium state in a certain temperature and pressure region of the phase diagram. The spinodal condition, defining the boundary between the stable and unstable regions of the phase diagram, is given by the first Gibbs determinant, Jsp, viz.
(91:
The critical conditions satisfy Eq 8 simultaneously with the second Gibbs determinant Jc, obtained by substituting any row from Eq 8 by the row vector (9) :
[a J s J~x t ] ,~ (9) 
RESULTS AND DISCUSSION
In order to evaluate the predictive and descriptive quality of the hole theory for thermodynamic properties related to compositional derivatives of the free energy, accurate experimental data for well characterized polymer samples are necessary. For polymer mixtures these data are not readily available. On the other hand, for polymer solutions a wealth of literature data is at hand. The system polystyrene (PS)/cyclohexane (CH) is selected for the present discussion. For this system miscibility data are available for solutions of polymer samples with very narrow molar mass distributions. In the following, these solutions will be approx-imated as binary mixtures of monodisperse polystyrene fractions in cyclohexane. Furthermore, miscibility data are available for solutions of polydisperse polymer fractions for which the molar mass distribution is characterized as accurately as possible.
Practically Binary Polymer Solutions
For six polystyrene fractions with a narfow molar mass distribution critical (1 0) conditions in cyclohexane are known. The molar mass distribution characteristics for the PS-samples are summarized in Table 1 . For details concerning the materials and the experimental techniques, the interested reader is refered to the original literature (1 0-12) . In the computations the polystyrene samples will be approximated to be monodisperse. The molecular parameters characterizing the pure components in the S-S theory, computed from equation of state data (13, 14) . are summarized in Table 2 . For this purpose a multiparameter estimation program was used. To compute the molecular parameters from equation of state data for cyclohexane, the chain length and the flexibility parameter c are fixed. For the considered polymer samples, no experimental PVT data are available. The scaling parameters P*, V* and T* are determined from experimental data of Quach and Simha ( 14) .
Assuming that the PVT surface does not change in the molar mass region considered, the molecular parameters were computed from Eqs 2 and 5 . The cross parameters, cP2 and u t , were adjusted to give quantitative agreement between the computed and experimental critical conditions. These parameter values are summarized in Table 2 also. The parameters Hereby, all the theoretical parameters for the binary system are defined. We are now in a position to predict other thermodynamic properties for binary systems. Here, we will concentrate on the spinodal conditions, shown in Fig.  5 . Details concerning the computational methods have been presented elsewhere (6) .
It can be observed in Fig. 5 that the agreement between experimental and predicted spinodals deteriorates with decreasing molar mass for both spinodal branches. However, quantitative agreement between computed and experimental concentrated spinodal branches can be achieved, if for the polymer Eq 5 is abandoned and separate values for the number of external degrees of freedom is allowed for each PS fraction. Consequently, the other pure PS molecular parameters, as well as the values for the cross parameters, need to be recomputed, in order to get a consistent and quantitative description of PVT and critical data. The new parameter values are summarized in Table 3 Table 2 (-, . ) .
Fig. 5. Experimental spinodal (@) and critical (m] conditions for three dtferent P S fractions in C H (10-12). Computed spinodals and critical conditions for molecular parameters in
spinodal and critical conditions are shown in Fig. 6 . The values of the flexibility parameter c adapted for the different PS fractions are shown in Fig. 7 . For comparison, the chain length dependence according to Eq 5 is shown also. Remaining deviations for the dilute branches of the spinodals can be attributed to dilute solution effects. These deviations can be eliminated elegantly by the bridging function concept introduced by Koningsveld, et al. (15, 16) . and Irvine and Gordon (1 7).
The almost quantitative success of the S-S theory for the UCST region of the phase diagram is very gratifying. One is now in the position to predict the LCST region of the phase diagram with the parameters determined from the UCST phase behavior. The results are shown in Fig.  8 . A direct comparison with experimental data is not possible because only cloud point data for a polystyrene fraction with an ill defined molar mass distribution are available (22) . A qualitative comparison shows that the shape and location of the LCST miscibility gap are very similar to the experimental situation. So far, it is clear that the hole theory offers a successful description and prediction of polymer solution phase behavior.
Influence of Polydispersity
Every synthetic polymer has a molar mass distribution that can have a profound influence Table 3 (-, . ) .
on the phase diagram. The evaluation of thermodynamic properties is certainly complicated by polydispersity. For example, one is confronted with the problem of representing the molar mass distribution. In the past, continuous distribution functions were used. However, this might not be the best solution, particularly if one wants to compute thermodynamic properties efficiently. A useful representation of molar mass distributions was discussed by Irvine and Kennedy (18) . Any molecular mass distribution, even if it is formally unbounded in terms of the number of components, can be approximated by its r-equivalent analogue, comprising approximately 7/2 6-function components. This approximation allows the matching of r moments of the &distribution to those of the original distribution. In general, the other moments of the distributions will not match.
To exemplify the influence of polydispersity, spinodals and critical conditions were com- Table 3 (-, 0). According to E q 5 (---).
puted for three polydisperse PS samples having comparable mass average molar masses M,. For these systems experimental spinodal data are available (1 2). The computational results together with the experimental data are shown in Fig. 9 . The molecular characteristics and the requivalent representations are summarized in Table 1 and 4 respectively. Upon inspecting Fig. 9 , it becomes clear that in the hole theory the spinodal is not solely determined by the mass average molar mass M,. This statement is in qualitative agreement with experimental facts. The observed temperature shift with increasing polydispersity, shown by the experimental spinodals, is reproduced in the computations quite well. However, a quantitative agreement with experimental spinodal data has not been achieved yet. Especially, the crossing of the spinodals at certain compositions isn't predicted.
For Flory-Huggins type of free energy expressions, it can be proven that spinodal conditions are determined only by the mass average molar mass M, (19) (20) (21) . In the hole theory it isn't resolved yet which moments of the molar mass distribution determine the spinodal conditions. I t is hoped that taking into account the proper moments of the molar mass distribution, the crossing of the spinodal curves can be understood theoretically as well. This is a matter of current research. A general conclusion, concerning the influence of polydispersity on spinodal conditions, that can be obtained from the present results is that the hole theory behaves quite differently from the aforementioned Flory-Huggins type of models. 
CONCLUSIONS
The present results show that the hole theory offers a basis to evaluate the phase behavior of polymer systems. The number of external degrees of freedom has a n important influence on the shape of the miscibility gap. Adjusting the value of the flexibility parameter, the computed spinodals can be made to agree with experimental data. In the S-S theory the non-combinatorial entropy contributions to the free energy, derived from the cell partition function, play a n important role. In many other theoretical studies, this extra contribution to the free energy is not taken into account. It can be appreciated that for polymer mixtures this extra free volume term becomes even more important. In this case the Flory-Huggins combinatorial entropy is very small and other entropy contributions will dictate the shape and location of the miscibility gap. The influence of polydispersity on the miscibility behavior in the Simha-Somcynsky theory is shown to be more complex than that For a binary mixture of components A and B with no specific interactions, comprising n, and nb homologues, respectively, the molecular parameters become composition dependent according to: 
